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2Department of Astronomy, Oskar Klein Centre, Stockholm University, AlbaNova University Centre, SE-106 91 Stockholm, Sweden
3Lund Observatory, Department of Astronomy and Theoretical Physics, Lund University, Box 43, SE-221 00 Lund, Sweden
4European Southern Observatory, Karl-Schwarzschild-Str. 2, D-85748 Garching, Germany
5Department of Physics & Astronomy, Macalester College, 1600 Grand Avenue, Saint Paul, MN 55105, US
6European Southern Observatory, Av. Alonso de Córdova 3107, 763 0355 Vitacura, Santiago, Chile
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ABSTRACT
Using new high-resolution data of CO (2–1), Hα and Hβ obtained with the North-
ern Extended Millimeter Array (NOEMA) and the Multi-Unit Spectroscopic Explorer
(MUSE) at the Very Large Telescope, we have performed a Toomre Q disc stabil-
ity analysis and studied star formation, gas depletion times and other environmen-
tal parameters on sub-kpc scales within the z ∼0 galaxy SDSS J125013.84+073444.5
(LARS 8). The galaxy hosts a massive, clumpy disc and is a proto-typical analogue
of main-sequence (MS) galaxies at z ∼1–2. We show that the massive (molecular)
clumps in LARS 8 are the result of an extremely Toomre-unstable gas disc, with large
scale instabilities found across the whole extent of the rotating disc, with only the
innermost 500 pc being stabilized by its bulgelike structure. The radial profiles fur-
ther reveal that – contrary to typical disc galaxies – the molecular gas depletion time
decreases from more than 1 Gyr in the center to less than ∼100 Myr in the outskirts
of the disc, supporting the findings of a Toomre-unstable disc. We further identified
and analysed 12 individual massive molecular clumps. They are virialized and follow
the mass-size relation, indicating that on local (cloud/clump) scales the stars form
with efficiencies comparable to those in Milky Way clouds. The observed high star
formation rate must thus be the result of triggering of cloud/clump formation over
large scales due to disc instability. Our study thus provides evidence that the massive
clumps observed in high-z disc galaxies form “in-situ” from large-scale instabilities.

Key words: galaxies: starburst – galaxies: star formation – galaxies: ISM – galaxies:
kinematics and dynamics – techniques: interferometric – techniques: imaging spec-
troscopy

1 INTRODUCTION

Several studies based on deep field observations have re-
vealed that at redshifts ∼3 galaxies with total (gas+stars)
masses similar to the Milky Way (∼ 1011 M�) are already
in place (Dessauges-Zavadsky et al. 2017; Elbaz et al. 2018;
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Tacconi et al. 2018; Cassata et al. 2020). Since the Universe
was then only ∼2 Gyr old, these massive objects must have
formed within a very short time, giving rise to very high star
formation rates (SFR) compared to the z ∼0 universe. In re-
cent years, observations of galaxies at redshifts between 0
and 4, have shown that the level of star formation is mainly
dictated by stellar mass, and regulated by secular processes
(Popesso et al. 2019). This is seen as a tight relation be-
tween stellar mass and SFR, the so called main sequence
of star forming galaxies (Brinchmann et al. 2004; Noeske
et al. 2007; Daddi et al. 2007; Elbaz et al. 2007; Peng et al.
2010; Wuyts et al. 2011; Whitaker et al. 2012, 2014; Tom-
czak et al. 2016). While the slope of the relation does not
vary with redshift, its intercept shifts towards higher SFRs
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with increasing lookback time, see for example Wuyts et al.
(2011); Rodighiero et al. (2011). As shown by several studies
(Tacconi et al. 2013; Genzel et al. 2015; Scoville et al. 2017;
Wiklind et al. 2019), the evolution of the main sequence is
driven by an increase of the (molecular) gas fraction. As a
result the gas depletion time, defined as SFR per unit molec-
ular gas mass, remains roughly constant even out to z ∼4.
The high SFRs observed on the main sequence at high-z are
thus mainly driven by increasing gas fractions. Although the
strong evolution of the SFR with time (redshift) is relatively
well constrained (Madau & Dickinson 2014), the underlying
physical mechanisms that drive star formation in gas-rich
discs is still a matter of debate.

Beside their large gas fractions, high-z main-sequence
galaxies were observed to have higher gas velocity disper-
sions (Förster Schreiber et al. 2009; Lehnert et al. 2009;
Swinbank et al. 2012; Wisnioski et al. 2015) compared to lo-
cal spirals. Additionally, their morphologies show extremely
massive clumps, exhibiting considerable fractions of the total
mass. Initially, this was interpreted in the context of“bottom
up” structure formation as an ongoing process of merging.
However, with the advent of near-infrared integral field spec-
troscopy, in some of the clumpy galaxies, disc structures were
found that are characterized by significant rotation (Genzel
et al. 2006, 2008), a sign for associated structures rather
than mergers. However, some fraction of them may still be
ongoing mergers (Weiner et al. 2006; Förster Schreiber et al.
2009; Puech 2010; Rodrigues et al. 2017). The observed discs
host giant clumps with masses of Mcl . 109 M�. It has been
proposed that such clumps result from the fragmentation of
massive gas discs driven by gravitational instability (Agertz
et al. 2009; Bournaud et al. 2012). Thus, the mode of star
formation in gas-rich systems seems fundamentally different
compared to the star formation within spiral arms as found
in most galaxies at z ∼0.

Much numerical work has been undertaken in the last
few years to study gravitational fragmentation scenarios.
But in early simulations, inefficient thermal feedback of su-
pernovae resulted in overcooling, which then enhanced disc
instability and star formation and led to an overproduc-
tion of giant clumps (Ceverino & Klypin 2009; Agertz et al.
2009). More recently, various works within cosmological sim-
ulations and simulations of isolated disc galaxies, were again
focusing on disc fragmentation at high-z, but included novel
feedback recipes, which systematically led to less fragmen-
tation even in massive gas-rich discs, and generally lower
clump masses, in the range 107–108 M� (Tamburello et al.
2015; Behrendt et al. 2015; Moody et al. 2014; Mandelker
et al. 2017; Oklopčić et al. 2017). It was further proposed
that some of the most massive observed star forming clumps
might not be the result of “in-situ” disc fragmentation, but
rather they could be accreted cores of massive satellite galax-
ies (Mandelker et al. 2017; Oklopčić et al. 2017). Thus, to
date the question whether massive clumps are a result of
“in-situ” disc fragmentation or the product of accreted cores
of massive satellite galaxies remains unanswered and needs
iterations on both ends, theory and observations. The ob-
servational difficulty is that at high-z the spatial resolution
is often too coarse to constrain relevant physical parameters
(turbulence, density, timescales related to star formation).
Only gravitational lensing may help to reveal details about
the clumpy discs at z ∼1–3 (Dessauges-Zavadsky et al. 2019).

Figure 1. High-z target from the PHIBBS survey (Tacconi et al.

2013) versus LARS 8 (Puschnig et al. 2020). The optical mor-

phologies (top panel) as well as the CO line emission (bottom
panel) are remarkably similar.

Despite the difficulties, recent observations support
galaxy-wide disc instabilities as cause of the clumpy nature,
e.g. Dessauges-Zavadsky & Adamo (2018) showed that the
clump mass function at z ∼1–3 follows a power-law consis-
tent with turbulence being the driving mechanism. More-
over, the DYNAMO survey (Fisher et al. 2014), targeting
extremely rare local clumpy gas-rich disc galaxies as a proxy
for high-z galaxies, revealed clump properties that favour
clump formation induced by galaxy-wide disc instabilities
(Fisher et al. 2017; White et al. 2017; Fisher et al. 2019).

In this paper, we present new highly-resolved NOEMA
CO (2–1) and MUSE Hα observations of LARS 8, a clumpy
z ∼0 galaxy drawn from the Lyman Alpha Reference Sam-
ple (Östlin et al. 2014; Hayes et al. 2014). Given the basic
properties of the galaxy (see Table 1) with a stellar mass
of ∼1011 M� and a SFR of ∼30 M� yr−1, LARS 8 resem-
bles main-sequence galaxies at high-z (compare Figure 1).
Its relatively high gas fraction of 27 percent, a gas deple-
tion time of ∼1.2 Gyr (Puschnig et al. 2020) as well as its
clumpy morphology make it an ideal laboratory to study
clump formation in a gas-rich disc galaxy.

Throughout the paper, we adopt a cosmology with
H0=70, ΩM=0.3 and Ωvac=0.7.

2 OBSERVATIONS AND DATA REDUCTION

2.1 NOEMA CO (2–1) cube

We observed LARS 8 in a single pointing under programs
W16BS and E16AG with the IRAM Northern Extended Mil-
limeter Array (NOEMA) using eight antennas in configura-
tions A and D, providing maximum baselines of ∼760 m and
∼180 m respectively. The target line, CO (2–1). was observed
with the WideX correlator (bandwidth ∼3.6 GHz) using a
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Table 1. Properties of LARS 8 (Puschnig et al. 2020)

z DL log M∗ Z SFR D25 fgas
[Mpc] [M�] [12+log(O/H)] [M� yr−1] [”] [%]

0.03825 167.5 10.97 8.51 30 30.8 27

tuning frequency of 222.044 GHz, corresponding to the sys-
temic velocity derived from H I observations (Pardy et al.
2014). We further performed on-the-fly mapping of LARS 8
with the IRAM 30m telescope under programs 064-15 and
178-15, allowing us to include short spacing visibility data.

Extended array observations were executed on Decem-
ber 15, 2016 for a total on-source time of 5.2 hours under
good weather conditions with a precipitable water vapour
(PWV) of ∼1.8 mm. Compact array observations were exe-
cuted on three days during May 2017 for a total on-source
time of 6.3 hours under average weather conditions with a
PWV of ∼2–3 mm.

The absolute flux scale of the configuration A data was
calibrated on LKHA101 using a model flux of 0.54 Jy. The
sources 1222+216 and 3C273 were used as phase and ampli-
tude calibrators. Average polarization mode was chosen for
the amplitude calibration, because the signal was found to
be polarized. 3C84 was used as bandpass calibrator.

The absolute flux scale of the configuration D data ob-
tained on May 8, 2017 was calibrated on MWC349 with a
model flux of 1.87 Jy. For the observations executed on May
2 and May 3, MWC349 data was not available and 3C273
was used instead, assuming a model flux of 7.65 Jy, as mea-
sured on May 8. 1236+077 and 3C273 were used for phase
and amplitude calibration, whereat 3C273 was also used as
bandpass calibrator.

All observations were calibrated using the IRAM reduc-
tion pipeline GILDAS/CLIC1. Data flagging was performed
manually taking into account tracking errors, pointing and
focus offsets as well as quality assessment through outlier
rejection in time versus amplitude and phase plots as well
as large phase discrepancies between the two polarizations.
Note that for the configuration A observations, for one of
the antennas tracking errors of more than 4” were reported.
All baselines including this antenna were thus rejected.

Merging of the calibrated visibilities and short spacing
correction were performed in the GILDAS/mapping environ-
ment, which was also used for imaging. Robust weighting of
0.5 was found to lead to a good compromise between sidelobe
suppression and spatial resolution, both of which is impor-
tant for our science case. Cleaning was done using the Hög-
bom algorithm and a central circular support of 6”diameter.
The final clean cube has an r.m.s. noise of 0.8 mJy/beam at
a velocity resolution of 10 km/s. The synthetic beam size is
0.61”x0.37” with a position angle of 36°.

As LARS 8 is substantially extended compared to
NOEMA’s ∼23” field of view at the observed frequency, pri-
mary beam correction was finally performed using the PRI-

MARY task within the GILDAS/mapping environment.

1 http://www.iram.fr/IRAMFR/GILDAS/

2.2 MUSE observations and data reduction

We observed LARS 8 with the Multi-Unit Spectroscopic Ex-
plorer (MUSE; Bacon et al. 2010) integral field spectrograph,
mounted at Unit Telescope 4 of the Very Large Telescope
(VLT). Spectra were obtained on the night of 18 May 2018
under conditions of new moon, airmass lower than 1.2, and
with a V-band seeing of 0.′′8. We obtained four observations
of the main target, each rotated by 90 degrees compared to
the previous to minimize fixed pattern noise from the im-
age slicers, using integration times of 650 seconds. Because
LARS 8 occupies a major fraction of the MUSE field-of-view,
we also obtained a separate sky frame from an adjacent
empty pointing using an integration time of 120 seconds.
Data were reduced using Version 2.6 of the ESO pipeline,
using standard methods and paying special attention to the
removal of low surface brightness emission in strong nebular
lines.

3 METHODS

3.1 Convolution of the NOEMA data cube to a
common resolution

Given the slightly lower spatial resolution of the optical data
cube compared to our radio data, we convolve the latter to
match the resolution of the MUSE observations. To do so,
we first deconvolve the elliptical NOEMA beam from the cir-
cularized target beam (based on MUSE cube). The resulting
convolution kernel is then applied onto the 3D NOEMA cube
(plane-by-plane) using the scipy.signal.convolve package
(Virtanen et al. 2020). The circularized synthetic beam size
of the matched-resolution NOEMA CO (2–1) data cube is
0.78”. Note that throughout the paper we make use of the
native resolution CO (2–1) data whenever possible (clump
identification, Toomre disc stability analysis). Only plots
that include both, star formation rates (from Hα) and prop-
erties derived from the CO observations, are based on the
matched-resolution data.

3.2 MUSE line extraction of Hα, Hβ and
continuum subtraction

From the reduced MUSE cube, we first extract a fixed
spectral range around the observed Hα and Hβ lines, us-
ing z=0.0382531 as redshift and an extraction window of
±420 km/s, centered on the systemic line-center (correspond-
ing to z). Note that the [N II] line is outside the extracted
line window of Hα. In order to define the continuum level at
each line, individual spectral windows were defined left- and
rightwards of each emission line, after manual inspection of
the spectral cube. For Hα suitable windows were found be-
tween -2500 and -1500 km/s and from 3000 to 4000 km/s.
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Hβ continuum levels were evaluated between -4000 and -
2000 km/s as well as within the range of 2000 and 4000 km/s.
The continuum correction for each line was then performed
via subtraction of a linear fit, obtained from regression (us-
ing the python lmfit package) of the flux within the given
velocity intervals.

3.3 Moment maps of CO (2–1) and optical
emission lines

We generate moment zero maps of CO (2–1), Hα and Hβ
via summation of the flux in masked channels, using the
approach of “dilated masking”. In the NOEMA cube, peak
channels were identified that have a more than 4-sigma
strong signal in at least three adjacent channels. The mask
was then expanded in velocity space as long as the flux in
two adjacent channels was above a 2-sigma limit. Addition-
ally, we only allow connected spatial regions that cover at
least the size of the synthetic beam of our observations. Mo-
ment maps of Hα and Hβ were created in a very similar
manner, i.e. we identified channels with 4-sigma peaks and
subsequently grow the mask down to a level of 2-sigma. How-
ever, given the lower spectral resolution of the MUSE data
cubes, we allow to mask even single channels in velocity
space rather than a number of adjacent ones.

First and second moment maps were created using the
same masks, with moment one being the intensity-weighted
mean velocity found under the masked channels and moment
two being the intensity-weighted r.m.s. velocity scatter. Mo-
ment maps are shown in Figures 2.

3.4 Star formation rates from MUSE Hα

In order to obtain the intrinsic, extinction-corrected Hα flux,
we calculate the dust attenuation from the Balmer decre-
ment using the Cardelli et al. (1989) attenuation law and
assume case B recombination and an intrinsic, theoretical
Hα/Hβ ratio of 2.86. The average extinction E(B-V) within
an aperture of 5 arcsec radius enclosing the center of the
galaxy – and thus covering the main part of the NOEMA
field-of-view – is 0.7 mag with a maximum value of 1.2 mag
in the central pixel and values as low as 0.2 mag in the outer
region.

We first convert the extinction-corrected Hα flux from
erg/s/cm2 into the corresponding luminosity (LHα) in erg/s
using a luminosity-distance of 167.5 Mpc. The star forma-
tion rates (SFRs) in units of M� yr−1 per pixel are then
calculated using the calibration of Calzetti et al. (2012):
SFR=5.5 10−42 LHα. These SFRs are then converted into
surface densities in units of M� yr−1 kpc−2 (ΣSFR) taking
into account the cosine correction factor for the galaxy in-
clination of 50◦, that we found from the rotation curve (see
Section 3.7).

3.5 Stellar surface density

A stellar mass map of the galaxy is constructed by perform-
ing a pixel spectral energy distribution fit using the HST
FUV and optical broad band data from the LARS project.
The fitting code “the Lyα eXtraction Software” (Östlin et al.
2014, Melinder et al. in preparation) uses two single stellar

populations with four free parameters: stellar mass for the
two components, stellar age, and stellar extinction (only one
of the populations have a varying age and extinction, the
other one is kept at an age of 10 Gyrs and an E(B-V)s of 0).
The fit is performed for each pixel (or spatial bin) to produce
maps of stellar continuum fluxes, mass, age, and extinction.
For details on the code and the data used for LARS 8 we
refer the reader to Östlin et al. (2014). To find the stel-
lar surface density radial profile we co-add the stellar mass
maps of the two components and measure the mean mass
surface density in elliptical annuli that exactly match those
used for the NOEMA and MUSE data. Finally, the derived
mean surface densities (Σ∗) were corrected for inclination us-
ing the same quantities as for ΣSFR. The scale length of the
stellar disk, l∗, was derived from the stellar mass map by
fitting an exponential function to the inclination corrected
mass profile.

3.6 Molecular gas surface density, depletion time
and gas fraction

We convert our measured CO (2–1) fluxes SCO (in units of
Jy km s−1 beam−1) to CO luminosities using the definition
of L′CO by Solomon & Vanden Bout (2005):

L′CO(2−1) = 3.25 107 SCO(2−1) ν
−2
obs D2

L (1 + z)−3 (1)

L′CO(2−1) is then given in K km s−1 pc2, z is the redshift, DL
the luminosity distance in Mpc and νobs the observed fre-
quency in GHz. For the conversion from L′CO(2−1) to molec-

ular gas masses we first need to down-convert to the lumi-
nosity of the J=1–0 line (L′CO(1−0)), for which we assume

a line ratio CO(2–1)/(1–0) of 0.7, which is typically ob-
served in several types of galaxies (Saintonge et al. 2017; den
Brok et al. 2021). Subsequent multiplication with the con-
version factor αCO finally leads to the molecular gas masses
(MH2 ). We use a value of αCO=4.5, that is close to the Milky
Way factor (Bolatto et al. 2013), and was found using a
metallicity-dependent approach by Puschnig et al. (2020).
Again, the final gas mass surface density map (ΣH2 ) was cor-
rected for the inclination of the galaxy. The molecular gas
depletion time τdepl and the gas fraction fgas were calculated
in the following way:

τdepl =
MH2

SFR
(2)

fgas =
MH2

MH2 + M∗
(3)

3.7 Molecular gas rotation curve analysis

We use 3DBAROLO (Di Teodoro & Fraternali 2015) to derive
the galaxy rotation curve from the NOEMA CO (2–1) data
cube. The software iteratively fits 3D tilted-ring models to
the cube and solves in each ring for inclination, position an-
gle (PA), rotation velocity and velocity dispersion. We ran
the software several times to experiment with input param-
eters such as pixel coordinates of the kinematic center, fix-
ating systemic velocity, inclination and/or PA. Despite the
fact that the algorithm robustly constrained inclination and
PA we ultimately decided to fix the two parameters (for
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Figure 2. Moment maps at native resolution derived from NOEMA CO (top row) and MUSE observations (bottom row). The over-plotted

contours show CO (2–1) flux density levels of log10 SCO=[-0.9,-0.2,0.0,+0.2,+0.4,+0.6,+0.8] Jy km s−1 beam−1.

Table 2. Kinematic properties for elliptical rings.

Radius
[”]

vrot

[km/s]
σg

[km/s]
i
[°]

PA
[°]

0.305 162 12 50 160

0.915 155 29 50 160
1.525 143 18 50 160

2.135 150 17 50 160

2.745 178 12 50 160
3.355 215 6 50 160

3.965 228 5 50 160

4.575 208 7 50 160
5.185 236 6 50 160

5.795 193 2 50 160

each ring) to 50 and 160 degrees respectively, while leav-
ing the position of the kinematic center as free parameter.
The free parameters derived for each 0.61” wide ring (i.e.
the major axis of the beam) are thus the rotation velocity,
the velocity dispersion (σg) and the coordinates of the kine-
matic center. A summary of the results is shown in Table 2.
The position-velocity diagram and the smoothed and inter-
polated rotation curve obtained using these constraints are
shown in Figures 3 and 4. A comparison between observed
and modeled quantities is found in Appendix 1.

3.8 Stellar velocity dispersion

Given the coarse spectral resolution of our MUSE cube, we
have no direct access to the radial velocity dispersion σ∗ of
the stellar component. We thus estimate σ∗ in the same way

as previously done by Leroy et al. (2008):

σ∗ = 1.67
√

2 π G l∗
7.3

Σ
0.5
∗ , (4)

with Σ∗ being the observed stellar surface density and l∗ be-
ing the stellar scale length of 630 pc that we measured via
fitting of an exponential profile to the data. The underlying
assumptions of the equation are the following: The expo-
nential stellar scale height h∗ of the galaxy does not vary
with radius and h∗ is related to the stellar scale length l∗ via
l∗/h∗=7.3±2.2, i.e. the flattening ratio measured by Kregel
et al. (2002). It is further assumed that the disc is isothermal
in the z-direction and hydrostatic equilibrium then allows to
derive σ∗ from the observed stellar surface density Σ∗ and the
estimated stellar scale height. Finally a fixed ratio between
the radial and vertical component of the velocity dispersion
is assumed, which is reasonable for most late-type galaxies
(Shapiro et al. 2003). We refer the reader to the appendix
of Leroy et al. (2008) for more details.

3.9 Toomre Q disc stability

As gravitational instability is believed to hold a key part
in driving gas turbulence (Krumholz & Burkhart 2016), we
consider a theoretical framework to evaluate this instability.
One of the most common ways of quantifying this instability
is Toomre’s Q parameter (Toomre 1964), which governs the
stability of a smaller patch inside a disc system. The Toomre
parameter for an axisymmetric, fluid disc with a differential
rotation, can be determined by analysing the response of the
disc to a small perturbation, which makes the disc contract.
This perturbation is driven by gravity, expressed as a surface
density wave function. By evaluating the dispersion relation,
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Figure 3. NOEMA CO (2–1) position-velocity diagram along the

major axis (top panel) and minor axis (bottom panel) of LARS

8. The yellow-brown points indicate the radial bins of the derived
rotation curve.

Figure 4. Smoothed and interpolated rotation curve (before in-

clination correction) derived for LARS 8 from the NOEMA CO

(2–1) cube.

Toomre (1964) found the condition:

Qg =
κ σg

π G Σg
, (5)

with κ = 1.41 v(rgal)
rgal

√
1 + β and β =

d log v(rgal)
d log (rgal) . For Qg<1,

the disc is locally unstable. In this equation, κ is the epicyclic
frequency, Σg is the gas surface density, σg is the gas veloc-

ity dispersion (from the rotation curve analysis) and G is
the gravitational constant. The physical meaning of κ can
be thought of as the rotational support against collapse, σ
is the pressure support against collapse and Σ is the gravi-
tational forces driving instability. An implementation of the
method to compute Qg is provided via GitHub by Puschnig

(2020)2, including a working example. The above method
can be expanded to a disc filled with star particles and dif-
fer only slightly from the approach of a fluid:

Q∗ =
κ σ∗

3.36 G Σ∗
(6)

Combining the Toomre parameters for stars and gas
is a necessary step to determine the stability of a multi-
component disc, which is the case for most galaxies. We as-
sume that κ is the same for both, the gaseous and the stellar
disc, i.e. gas and stars follow the same rotation. To keep in
mind here is that the combined Q is derived to also obey the
instability criterion of Q ∼1. There have been several differ-
ent approaches to combining Q parameters and an extensive
look into different methods was done by Romeo & Falstad
(2013). In this paper, for the sake of simplicity, we use the
approximation of Wang & Silk (1994):

1
Q
=

1
Qg
+

1
Q∗

(7)

3.10 Molecular clumps: identification, virial mass
and virial parameter

We apply CPROPSTOO (Williams et al. 1994; Rosolowsky &
Leroy 2011; Leroy et al. 2015), an IDL package that is avail-
able through GitHub3 and was developed to identify and
measure properties of molecular clouds or clumps in fits data
cubes. In particular, CPROPSTOO corrects for the effects of
beam convolution and sensitivity when measuring physical
properties such as masses or sizes of identified clouds, allow-
ing to make unbiased (beam-independent) measurements.
Using a growth-curve analysis on the observed emission line,
the algorithm thus extrapolates the measurements to values
one would expect in the case of perfect sensitivity. Addition-
ally, CPROPSTOO corrects for finite resolution in both, the ve-
locity and spatial domain. This is done via de-convolution of
the telescope beam and the width of a spectral channel from
the measured cloud size and line width. For more details,
we refer the reader to the aforementioned publications. Here
we report the main parameters for the find_local_max task
that we applied for clump identification: delta=2, /snr, min-
pix=20, minarea=2, minvchan=2, friends=4, specfriends=2.

The virial mass analysis is based on the measurement
of the size and the average turbulent line width of the cloud.
If these quantities are known and the radial density profile
is given, then following Solomon et al. (1987), the mass of
the cloud under the assumptions of virial equilibrium and
spherical symmetry can be calculated:

Mvir =
3(5 − 2γ)
G(3 − γ) ∆v

2R (8)

The virial mass Mvir is then given in M� and depends

2 https://github.com/astrojohannes/toomreQ
3 https://github.com/akleroy/cpropstoo
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on the radial density distribution exponent γ, the linear
cloud size (R) in parsec and the full width at half-maximum
(FWHM) of the line in km/s (∆v). Taking the frequently as-
sumed γ=1 radial density distribution exponent, the above
equation can be re-written as:

Mvir = 1040σ2R (9)

In this equation the numerical coefficient accounts for
the radial density profile, the conversion factor between
FWHM and velocity dispersion (∆v=2.35σ) and the gravi-
tational constant. Departures from virial equilibrium can be
expressed via the virial parameter, αvir:

αvir =
2K
U
=

5σ2R
GMlum

= 1.12
Mvir
Mlum

(10)

where K and U denote the kinetic energy and self-
gravitational potential energy respectively. Virialized clouds
without surface pressure or magnetic support have αvir=1,
while both, marginally bound clouds and clouds in free-fall
collapse share energy equipartition (K = U) and thus have
αvir ∼2 (Ballesteros-Paredes et al. 2011; Camacho et al. 2016;
Ibáñez-Mej́ıa et al. 2016; Sun et al. 2018).

3.11 Dynamical equilibrium pressure

ISM pressure plays a crucial role in many theories of star
formation. It determines the gas density distribution (Helfer
& Blitz 1997; Usero et al. 2015; Bigiel et al. 2016; Gal-
lagher et al. 2018), or may hold the balance with stellar
feedback processes (Ostriker & Shetty 2011) that are re-
lated to star formation, e.g. through supernovae. Following
Elmegreen (1989) we estimate the mid-plane dynamic equi-
librium pressure, Pde, using the following prescription:

Pde =
π G Σ2

gas
2

+ Σgas
√

2 G ρ∗ σgas (11)

Here, Σgas is the total gas surface density, including the
atomic and molecular component. Since our study only
covers the central part of the galaxy, i.e. the high-density
regime, in which most atomic gas is readily converted to
molecular gas, we may only consider ΣH2 instead. The verti-
cal velocity dispersion of the gas is denoted as σgas and the
parameter ρ∗ is the mass volume density of stars and dark
matter at the mid-plane, which we estimate following van
der Kruit (1988) using the relation: ρ∗ = Σ∗/(2 h∗), with the
disc scale height h∗. Pde then expresses the pressure needed
to balance the vertical gravity on the gas in the galaxy disc.
The first term reflects the gas self-gravity, the second term
reflects the weight of the gas in the potential well of the
stars. Since the stellar potential in LARS 8 exceeds the gas
self-gravity, we expect the second term to be dominant.

4 RESULTS

4.1 Identification of molecular clumps in LARS 8

Applying CPROPSTOO on our native resolution NOEMA CO
(2–1) data cube with a channel width of 10 km/s, we could
identify 12 molecular clumps in total (see Figures 5 and 6).
The unbiased properties of the identified molecular clumps
are summarized in Table 3. Their masses range from 108.1 to

Table 3. Properties of the identified molecular clumps.

ID Reff log Mlum αvir σ vpos
[pc] M� [km s−1] [km s−1]

1 601 8.20 1.2 16.6 -151
2 322 8.14 1.0 19.2 -126

3 913 8.55 0.9 16.8 -135

4 343 8.59 1.0 30.7 -92
5 340 9.23 0.8 59.7 -73

6 320 8.40 1.4 31.1 -63

7 1023 9.26 0.5 27.8 4
8 469 8.51 1.7 32.0 53

9 436 8.76 1.1 34.5 56
10 609 8.89 0.4 20.5 135

11 480 8.57 1.0 26 164

12 436 8.21 1.9 24.7 181

109.3 M�, covering linear (extrapolated) diameters between
∼600–2000 pc. Clump 7 was found to be the most massive
one, located in the very center of the galaxy.

4.2 Mass-size relation for the massive clumps

Figure 7 compares the derived masses and sizes of the molec-
ular clumps identified in LARS 8 to the literature com-
pilation of Nguyen-Luong et al. (2016), that contains gi-
ant molecular clouds (GMCs) of the Milky Way with sizes
smaller than 10 pc, molecular cloud complexes (MCCs) with
sizes between 10 and 1000 pc as well as galaxies and struc-
tures larger than 1 kpc typically found at high redshift. Note
that the identified structures or clumps in LARS 8 are re-
solved, i.e. their deconvolved diameters are at least as wide
as the beam major axis. We thus conclude from Figure 7
that the clumps of diffuse molecular gas in LARS 8 are in
fact scaled-up versions of the MCCs in the literature. In the
mass-size relation they populate the range between MCCs
and structures identified at high redshifts. However – despite
an ongoing massive star formation process in LARS 8 – the
clumps follow the same trend between mass and size. This
finding implies a universal (constant) diffuse molecular mass
surface density, even in highly star-forming galaxies such as
LARS 8. The elevated star formation rates must thus result
from processes within the large diffuse molecular reservoirs
we identified in CO (2–1). It might be that either the struc-
tures contain more over-densities (e.g. traced by HCN) or
that the star formation is in some way more efficient. The
latter is supported by observations of Messa et al. (2019),
who have derived sizes and properties of clumps identified
from very high-resolution UV photometry. They find that
the range of clump sizes in LARS 8 is similar to those in nor-
mal star forming galaxies or at high redshift, i.e. 15–200 pc.
However, the star formation rates per UV clump are higher
and fall between those observed in the local and high-z Uni-
verse. Also, a combination of both – more dense clumps and
higher efficiency per clump – may apply.

4.3 Radial profiles and KS relation

Figure 8 shows inclination-corrected, elliptical profiles of
several quantities we have derived, centered on the maxi-
mum stellar surface density. The plots show that while the
molecular gas surface density declines relatively smoothly
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Figure 5. NOEMA CO (2–1) channel maps of the northern part of LARS 8, showing velocities between -160 and -10 km/s with identified

CPROPSTOO structures (shown as contours).

from the center outwards, the stellar surface density is
peaked in the innermost ∼500 pc. This peak may represent
a bulgelike structure that is about to form, similar to obser-
vations in high redshift discs (Elmegreen et al. 2009) and as
predicted by numerical simulations, e.g. in (Elmegreen et al.
2008). Thereby, gas-rich disc galaxies show disk instabilities
that first trigger clump formation. These clumps (and other
disc matter) move inwards and merge, forming a bulge (or
bulgelike-clump) that is characterized by a Sersic index n=4
(like a classical bulge) and rotation.

Contrary, the star formation rate density is highest in a
ring-like structure located at a radius of ∼1.2 kpc. The low-
ering of the SFR towards the inner kiloparsec in combination
with the low molecular gas fraction suggests that some pro-
cess has quenched star formation in the center, e.g. AGN
feedback. Alternatively, it might be that the extinction cor-
rection underestimates the true SFRs in the innermost parts,

where Hα becomes optically thick. However, this would not
explain the relatively low gas fraction in the center.

Moreover, Figure 8 reveals that the molecular gas de-
pletion time, τdepl, strongly declines from more than 1 Gyr
in the center to ∼100 Myr in the outer parts of the disc.
This contrasts normal star-forming galaxies that typically
have roughly constant (Bigiel et al. 2011) or even radially
increasing gas depletion time scales (Leroy et al. 2008). This
behaviour is further suggested by (some) gravity-driven the-
oretical models of star formation, e.g. Krumholz et al. (2012)
argue that in the regime of normal star-formation the GMCs
are basically decoupled from the rest of the ISM. The de-
pletion time is then mainly set by the internal properties
and processes of the GMCs – that are roughly constant in
normal Milky-Way-like clouds – rather than by the large-
scale behavior of the ISM. Krumholz et al. (2012) further
argue that in starbursts (with a Toomre Q parameter ∼1)
the depletion time should be set by the orbital (dynamical)
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Figure 6. NOEMA CO (2–1) channel maps of the southern part of LARS 8, showing velocities between 0 and +190 km/s with identified

CPROPSTOO structures (shown as contours).

time. However, given the fact that the orbital time increases
with radius (flat rotation) one would expect from such the-
ory that the depletion time increases with radius. This is not
observed in LARS 8.

The molecular Kennicutt-Schmidt relation for LARS 8
is presented in Figure 9. It is seen that the measurements
of individual lines-of-sight exhibit a relatively large scatter
within a range of roughly one order of magnitude. However,
at the low surface brightness end, the ΣSFR measurements
seem to form a plateau of constant values while ΣH2 de-
clines. This behaviour reflects the radial decrease of τdepl
from ∼1 Gyr down to ∼100 Myr.

4.4 Disc stability - Toomre Q analysis

Using the smoothed rotation curve (see Figure 4) derived
from the NOEMA CO (2–1) data cube, and subsequent cal-
culation of the β-parameter and the epicyclic frequency κ,
the Toomre Q parameters for the molecular gas (Qgas), the
stellar component (Q∗) and the combined total instability
parameter (Qtot) could be computed as a function of galac-
tocentric radius (see Figure 10). Note that we have centered
the previously discussed radial profiles on the stellar peak,
while here we (have to) use the kinematic center. Between
these two we find an offset of ∼0.8 arcsec or ∼650 pc. Such
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Figure 7. Mass-size relation for the massive clumps identified in
LARS 8 (cyan points) with the ID numbers as given in Table 3.

The clumps are compared to the literature compilation of Nguyen-

Luong et al. (2016), that is based on GMC (plus signs) data of
Onishi et al. (2002); Heyer et al. (2009); Maruta et al. (2010);

Roman-Duval et al. (2010); Evans et al. (2014); Shimajiri et al.

(2015), MCC (stars) data of Rosolowsky (2007); Murray (2011);
Wei et al. (2012); Miura et al. (2012, 2014); Donovan Meyer et al.

(2013); Garćıa et al. (2014) and galaxies (diamonds) from Leroy

et al. (2013); Tacconi et al. (2013); Genzel et al. (2010).

offset is also found in numerical simulations of Elmegreen
et al. (2008) during the phase of the formation of a central
bulgelike-clump. We stress that the overall shape of the ra-
dial profiles does not change if the kinematic center is used
instead.

Figure 10 reveals that only the innermost ∼500 pc of
LARS 8 are stable. This central stability is mainly driven by
high values of κ due to the extremely steep rise in rotation
velocity that causes very high β values. Note that although
we cannot (kinematically) resolve the central ∼500 pc, i.e. we
cannot distinguish between rotation and dispersion (beam
smearing), it is still possible to compute κ. The plot further
shows that the outskirts of the disc are unstable over large
scales, with values of Qtot well below the critical limit of 1.
Such highly unstable disc is not observed in normal star-
forming disc galaxies (Leroy et al. 2008), but seems typi-
cal for the clumps observed in massive high-z discs (Genzel
et al. 2011; Wisnioski et al. 2012; Mieda et al. 2016). The
relatively high star formation rate surface densities observed
in LARS 8 over large scales are thus likely the result of en-
hanced disc fragmentation due to Qtot <<1. These instabil-
ities may thus trigger the formation of massive stellar and
molecular clumps.

However, it seems that purely gravity-driven theoretical
models of star formation do not reproduce our observations,
in particular e.g. Krumholz et al. (2012) predict for galaxies
in the Toomre regime (as LARS 8) a positive correlation
between the molecular gas depletion time and the orbital
period. As explained, this is not observed in LARS 8.

Other models assume that the star formation process is
self-regulated and thus leads to pressure balance in the ISM.
In particular, the star-forming system is then in balance be-
tween feedback processes from star formation and the exter-
nal pressure. In case of a disc galaxy the relevant pressure

Figure 8. Top panel : Elliptical inclination-corrected profiles of
stellar (blue diamonds), molecular (green circles) and SFR sur-

face densities (red squares). Bottom panel : Same as top panel for

the molecular gas depletion time (τdepl), the Hα-based star for-
mation rate surface density (ΣSFR) and the molecular gas fraction

( fgas).

Figure 9. Resolved molecular Kennicutt-Schmidt relation for

LARS 8, based on SFRs from extinction-corrected Hα and molec-
ular masses from CO (2–1), both corrected for inclincation.
Each point corresponds to a measurement in a ∼650 pc sized re-

gion/pixel.
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Figure 10. LARS 8 disc stability from radial Toomre Q analysis.
Regions with Q <1 (grey shaded area) are considered unstable.

The total instability parameter (Qtot) is shown as black curve.
The contribution of the stellar and the gaseous component are

shown by the blue and green curves.

is then Pde, the dynamical equilibrium pressure. Based on
that, e.g. Ostriker & Shetty (2011) predict a linear relation
between the star formation rate surface density and the ISM
pressure. We test this prediction in the next section.

5 DISCUSSION

We showed in the previous section that the galactic disc of
LARS 8 is highly unstable, in particular at radii outwards
of ∼500 pc. The Toomre Q parameter is found to be signifi-
cantly lower than one (see Figure 10) and we conclude that
the formation of the observed massive molecular and stellar
clumps is driven by fragmentation of the disc rather than ac-
cretion of external mass or merging. Contrarily, the central
region of LARS 8 was found to be different. Not only be-
cause it has a Toomre Q parameter greater than one and is
thus stable, but also because it has a relatively low gas frac-
tion, low star formation rate density and a depletion time
of more than ∼1 Gyr, which is much longer than within the
disc.

Utomo et al. (2017) studied the molecular gas deple-
tion time as a function of local environment in 52 non-AGN
disc galaxies drawn from the EDGE-CALIFA (Sánchez et al.
2012; Bolatto et al. 2017) survey. They find that galaxies
with increased central stellar surface densities (relative to
the disc) typically show a decrease in τdepl in the center.
As stellar surface density is the determining factor for ISM
pressure, Utomo et al. (2017) claim that the observed shorter
central gas depletion times are a consequence of higher ex-
ternal pressure that facilitates cloud collapse. In the center
of LARS 8 we also observe an increase in stellar surface den-
sity compared to the disc, but at the same time – for the
center – we find longer molecular gas depletion times. Ad-
ditionally, our radial plots show that the star formation rate
surface density sharply drops towards the center, while the
molecular gas surface density in LARS 8 decreases relatively
smoothly from the center to the outskirts.

Some process in the center must therefore lead to
quenching of star formation. One possibility might be feed-

back from supernovae (SNe) that provide sufficient energy
to the molecular gas to not collapse as rapidly as in the disc,
despite the fact that the external pressure in the center is
higher. In this case we would expect that the gas turbu-
lence increases in the center to levels that successfully stabi-
lize the molecular clouds against collapse. However, no such
increase in velocity dispersion is observed, in fact our kine-
matic results (see Table 2) even suggest that the gas velocity
dispersion drops towards the innermost region. This obser-
vation seems to rule out feedback from SNe, but we caution
that the measurement of velocity dispersion in the center
is relatively uncertain due to beam smearing caused by the
steep increase of the rotation curve. However, further sup-
port against star formation quenching due to SNe is found
from stellar population synthesis performed by Melinder et
al (in preparation). They show that the central ∼500 pc of
LARS 8 are dominated by old stars with ages >1 Gyr.

We also considered to compare our observations to the
feedback models of e.g. Ostriker et al. (2010) or Faucher-
Giguère et al. (2013), which are based on a balance between
energy injected through feedback and disc vertical pressure.
The models predict an inverse relation between τdepl and
the vertical gas velocity dispersion. Such relation was pre-
viously observed by Fisher et al. (2019) in a set of massive
and highly turbulent discs. However, from our data of the
central region of LARS 8 we cannot test any such correla-
tion, because of spatial resolution and beam smearing that
makes measurements of the velocity dispersion extremely
challenging.

Given our current data, we thus conclude that AGN
feedback is the most likely cause for the relatively low star
formation rates in the center and the long depletion times.
As we mentioned in the previous section, it might also be
the case that the computed star formation rates in the center
are somewhat spurious due to the relatively high extinction
found in this region. However, this does not seem plausible,
as the total galaxy-wide SFR from extinction-corrected Hα is
in fact 50 percent higher than the SFR we previously derived
in Puschnig et al. (2020) from far infrared measurements.

In contrast, the environmental properties of the outer
disc of LARS 8 are different, in particular we find that the
disc is highly unstable. The radial profiles in Figure 8 further
revealed that the molecular gas depletion time in LARS 8
decreases with the galactic radius. This behaviour is con-
trary to what is typically observed in nearby disc galaxies in
which τdepl either stays flat or slightly increases with radius
(Leroy et al. 2008). Note that models of star formation in
stable discs, e.g. Krumholz et al. (2012), predict exactly such
behaviour for GMCs that are basically decoupled from the
large-scale ISM. In these models star formation is mainly dic-
tated by local properties rather than large-scale effects. The
difference in the radial τdepl profiles between LARS 8 and
normal star forming disc galaxies is thus likely the result of
the observed large-scale Toomre instabilities in LARS 8 that
disallow the star forming regions to decouple from the am-
bient ISM. Krumholz et al. (2012) also made predictions of
τdepl for starbursts in the Toomre regime (Q ∼1), for which
they find that τdepl should mainly be dictated by the dy-
namic timescale, i.e. 2rπ/vrot. Our observations, however, are
not in agreement with this prediction of a radially increasing
gas depletion time. We argue that the observed instabilities
in LARS 8 are more violent (Q <<1) and thus involve more
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complex physical processes such as galaxy-scale shocks or in-
flows (Barnes 2004, Saitoh et al. 2010, Teyssier et al. 2010,
Powell et al. 2011), which were omitted by the models of
Krumholz et al. (2012).

We now test our observations against models that are
based on the assumption that star formation is self-regulated
through a balance between ISM pressure and feedback. For
example, Ostriker & Shetty (2011) and Kim et al. (2013)
predict in their semi-analytic models a (nearly) linear re-
lationship between the pressure and the star formation
rate surface density: ΣSFR = 4 f −1 Pde. As described in
Fisher et al. (2019) the scaling factor f can be determined
from σgas = 0.366 (τff/τdepl) f (Shetty & Ostriker 2012).
This leaves the free-fall timescale τff as the only unknown.
Krumholz et al. (2012) further estimate that the range of τff
should be between 1–10 Myr for starburst galaxies. In Figure
11 we plot the star formation rate densities against pressure
for LARS 8 and two comparison samples. The dashed and
dotted lines indicate the model predictions for the above
mentioned range in τff and a fixed gas depletion time of
300 Myr that we typically find in the disc of LARS 8. The
Figure shows that the predicted linear relation does not fit
the data, we rather find evidence for a sub-linear trend,
similar to Fisher et al. (2019). The slope in LARS 8, how-
ever, seems even shallower, in particular in the low-pressure
regime. We conclude that in the outskirts of the observed
disc the star formation is out of equilibrium as described in
feedback-regulated star formation models and is dictated by
large scale instabilities instead.

The importance of the large-scale environment for star
formation in LARS 8 is also reflected by the fact that the
virial parameter of the identified diffuse molecular structures
(see Table 3) has values that are roughly identical to those
found in Milky Way GMCs or normal disc galaxies (Sun
et al. 2018). Most clumps are found to be virialized with
αvir ∼ 1 in which kinetic and gravitational energy are roughly
balanced. This provides further evidence that on a scale of
few hundreds of parsec the stars form in a roughly uni-
form environment. The high star formation rates observed in
LARS 8 must thus be caused by an increase in the number
of clouds that is triggered by large-scale gravitational insta-
bility (with low Toomre Q). Hence, the shorter gas depletion
time scale – or higher star formation efficiency – observed in
the outer disc does not imply that on our clump scales the
process of star formation is more efficient but rather that
the formation of individual clumps is more efficient.

Next, we discuss how the choice of a fixed CO conver-
sion factor αCO impacts our findings of the radial trend of
τdepl and the Toomre Q instability of the disc. We know from
the MUSE data that there is a slight increase in metallic-
ity towards the center of the galaxy. Hence, application of
a metallicity-dependent conversion factor would only lead
to a relatively lower value of αCO in the center than in the
outer part of the disc. As a result, this would only exagger-
ate the observed trend of decreasing molecular gas depletion
with radius. For the results of our disk stability analysis the
fixed conversion factor has only minor impact, because, first
the instabilities are mainly driven by the stellar component,
and second it would only lead to slightly higher gas surface
densities in the disc, lowering support of the disc against
collapse and thus resulting in even lower Q values.

However, not only the metallicity impacts the conver-

Figure 11. Star formation rate surface density (y-axis) versus
dynamical equilibrium pressure (x-axis). Each point corresponds

to a measurement in a ∼650 pc sized region/pixel.

sion factor. In infrared galaxies, but also in centers of nearby
galaxies the nuclear zone is sometimes found to have lower
αCO caused by hotter molecular gas, thus higher velocity dis-
persion, that reduces the CO optical depth. This is seen e.g.
in NGC 6946 (Meier & Turner 2004). If CO optical depths in
the center of LARS 8 were systematically lower, we would
need to use a lower conversion factor. In case of a typical
ULIRG value (αCO ∼ 1), the central depletion time would
then drop from 1.35 Gyr to 300 Myr. At the same time, this
would provide even further support against collapse in the
central zone. We plan to resolve this issue with observations
of CO isotopologues in a future study.

6 SUMMARY AND CONCLUSION

We have obtained new high-resolution NOEMA CO (2–1)
and MUSE spectroscopy of the z ∼0 massive, clumpy and
gas-rich disc galaxy LARS 8, drawn from the Lyman Alpha
Reference Sample. The NOEMA data was used to study the
diffuse molecular gas content and its kinematics at a reso-
lution of ∼400 pc, while the MUSE data was used to derive
extinction-corrected star formation rates from Hα at a res-
olution of ∼600 pc. This enabled us – together with readily
available HST photometry – to perform a disc stability anal-
ysis using the Toomre Q criterion. The main result is pre-
sented in Figure 10, showing that the disc is highly unstable
(Q <<1) over large scales. On the other side, the center of
LARS 8 was found to be stable (Q >1).

The NOEMA molecular data cube was further exam-
ined with CPROPSTOO, allowing us to identify and compute
physical properties of 12 individual molecular clumps (Table
3). The clumps are found to be virialized (αvir ∼1) and they
follow the mass-size relation (Figure 7).

We have further derived several physical parameters
such as the molecular gas depletion time, the molecular gas
fraction and the dynamical equilibrium pressure. Using our
results from the CO-based rotation curve (Figure 4), all (sur-
face) quantities could be corrected for inclination effects.
The radial (elliptical) profiles are shown in Figure 8. Of par-
ticular interest is the smooth radial decline of the molecular
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gas depletion time, ranging from more than 1 Gyr in the cen-
ter to ∼100 Myr in the outer disc. This trend is outstanding,
as in normal star forming galaxies the gas depletion time
is observed to be constant or even slightly increasing with
radius. These results lead to the following conclusions:

• The disc of LARS 8 is highly unstable with Q <<1
and has relatively short gas depletion times. The identi-
fied diffuse molecular structures, however, are virialized and
thus similar to GMCs in the Milky Way or nearby galaxies.
Hence, the short gas depletion times in the disc cannot be
explained by local (sub-kpc) effects (e.g. higher local star
formation efficiency), but must be triggered by large-scale
processes that cause the formation of more (massive) molec-
ular clumps (with probably more numerous over-densities
within). We argue that the high star formation rates ob-
served in LARS 8 are the result of large-scale Toomre insta-
bilities in the galaxy disc.
• The central region of LARS 8 is Toomre-stable, has the

longest gas depletion time, lower gas fraction and a reduced
star formation rate surface density. Given the fact that the
stellar surface density, and thus the ISM pressure is found
to be highest in the center, we argue that some process must
lower star formation in the central ∼500 pc. The present data
(including stellar ages) rules out feedback from SNe being
dominant and thus it may be feedback from AGN that ceases
star formation in the center of LARS 8.
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Östlin G., et al., 2014, ApJ, 797, 11

Ostriker E. C., Shetty R., 2011, ApJ, 731, 41

Ostriker E. C., McKee C. F., Leroy A. K., 2010, ApJ, 721, 975

Pardy S. A., et al., 2014, ApJ, 794, 101

Peng Y.-j., et al., 2010, ApJ, 721, 193

Popesso P., et al., 2019, MNRAS, 483, 3213

Puech M., 2010, MNRAS, 406, 535

Puschnig J., 2020, Galactic Disc Stability Analyzer (Toomre

Q), doi:10.5281/zenodo.3657258, https://doi.org/10.5281/

zenodo.3657258

Puschnig J., et al., 2020, A&A, 644, A10

Rodighiero G., et al., 2011, ApJ, 739, L40

Rodrigues M., Hammer F., Flores H., Puech M., Athanassoula

E., 2017, MNRAS, 465, 1157

Roman-Duval J., Jackson J. M., Heyer M., Rathborne J., Simon

R., 2010, ApJ, 723, 492

Romeo A. B., Falstad N., 2013, MNRAS, 433, 1389

Rosolowsky E., 2007, ApJ, 654, 240

Rosolowsky E., Leroy A., 2011, CPROPS: Bias-free Measurement
of Giant Molecular Cloud Properties (ascl:1102.012)

Saintonge A., et al., 2017, ApJS, 233, 22

Sánchez S. F., et al., 2012, A&A, 538, A8

Scoville N., et al., 2017, ApJ, 837, 150

Shapiro K. L., Gerssen J., van der Marel R. P., 2003, AJ, 126,

2707

Shetty R., Ostriker E. C., 2012, ApJ, 754, 2

Shimajiri Y., et al., 2015, ApJS, 217, 7

Solomon P. M., Vanden Bout P. A., 2005, ARA&A, 43, 677

Solomon P. M., Rivolo A. R., Barrett J., Yahil A., 1987, ApJ,
319, 730

Sun J., et al., 2018, ApJ, 860, 172

Swinbank A. M., Smail I., Sobral D., Theuns T., Best P. N., Geach

J. E., 2012, ApJ, 760, 130

Tacconi L. J., et al., 2013, ApJ, 768, 74

Tacconi L. J., et al., 2018, ApJ, 853, 179

Tamburello V., Mayer L., Shen S., Wadsley J., 2015, MNRAS,

453, 2490

Tomczak A. R., et al., 2016, ApJ, 817, 118

Toomre A., 1964, ApJ, 139, 1217

Usero A., et al., 2015, AJ, 150, 115

Utomo D., et al., 2017, ApJ, 849, 26

Virtanen P., et al., 2020, Nature Methods, 17, 261

Wang B., Silk J., 1994, ApJ, 427, 759

Wei L. H., Keto E., Ho L. C., 2012, ApJ, 750, 136

Weiner B. J., et al., 2006, ApJ, 653, 1027

Whitaker K. E., van Dokkum P. G., Brammer G., Franx M., 2012,
ApJ, 754, L29

Whitaker K. E., et al., 2014, ApJ, 795, 104

White H. A., et al., 2017, ApJ, 846, 35

Wiklind T., et al., 2019, The Astrophysical Journal, 878, 83

Williams J. P., de Geus E. J., Blitz L., 1994, ApJ, 428, 693

Wisnioski E., Glazebrook K., Blake C., Poole G. B., Green A. W.,

Wyder T., Martin C., 2012, MNRAS, 422, 3339

Wisnioski E., et al., 2015, ApJ, 799, 209

Wuyts S., et al., 2011, ApJ, 742, 96

den Brok J., Chatzigiannakis D., Bigiel F., Puschnig J., 2021,
MNRAS

van der Kruit P. C., 1988, A&A, 192, 117

MNRAS 000, 1–15 (2021)

http://dx.doi.org/10.3847/0004-637X/831/1/78
https://ui.adsabs.harvard.edu/abs/2016ApJ...831...78M
http://dx.doi.org/10.1088/0004-637X/761/1/37
https://ui.adsabs.harvard.edu/abs/2012ApJ...761...37M
https://ui.adsabs.harvard.edu/abs/2014yCat..17610037M
https://ui.adsabs.harvard.edu/abs/2014yCat..17610037M
http://dx.doi.org/10.1093/mnras/stu1534
https://ui.adsabs.harvard.edu/abs/2014MNRAS.444.1389M
http://dx.doi.org/10.1088/0004-637X/729/2/133
https://ui.adsabs.harvard.edu/abs/2011ApJ...729..133M
http://dx.doi.org/10.3847/0004-637X/833/1/23
https://ui.adsabs.harvard.edu/abs/2016ApJ...833...23N
http://dx.doi.org/10.1086/517927
http://adsabs.harvard.edu/abs/2007ApJ...660L..47N
http://dx.doi.org/10.1093/mnras/stw2754
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465..952O
http://dx.doi.org/10.1086/341347
https://ui.adsabs.harvard.edu/abs/2002ApJ...575..950O
http://dx.doi.org/10.1088/0004-637X/797/1/11
http://cdsads.u-strasbg.fr/abs/2014ApJ...797...11O
http://dx.doi.org/10.1088/0004-637X/731/1/41
https://ui.adsabs.harvard.edu/abs/2011ApJ...731...41O
http://dx.doi.org/10.1088/0004-637X/721/2/975
https://ui.adsabs.harvard.edu/abs/2010ApJ...721..975O
http://dx.doi.org/10.1088/0004-637X/794/2/101
http://cdsads.u-strasbg.fr/abs/2014ApJ...794..101P
http://dx.doi.org/10.1088/0004-637X/721/1/193
http://adsabs.harvard.edu/abs/2010ApJ...721..193P
http://dx.doi.org/10.1093/mnras/sty3210
http://adsabs.harvard.edu/abs/2019MNRAS.483.3213P
http://dx.doi.org/10.1111/j.1365-2966.2010.16689.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.406..535P
http://dx.doi.org/10.5281/zenodo.3657258
https://doi.org/10.5281/zenodo.3657258
https://doi.org/10.5281/zenodo.3657258
http://dx.doi.org/10.1051/0004-6361/201936768
https://ui.adsabs.harvard.edu/abs/2020A&A...644A..10P
http://dx.doi.org/10.1088/2041-8205/739/2/L40
https://ui.adsabs.harvard.edu/abs/2011ApJ...739L..40R
http://dx.doi.org/10.1093/mnras/stw2711
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.1157R
http://dx.doi.org/10.1088/0004-637X/723/1/492
https://ui.adsabs.harvard.edu/abs/2010ApJ...723..492R
http://dx.doi.org/10.1093/mnras/stt809
https://ui.adsabs.harvard.edu/abs/2013MNRAS.433.1389R
http://dx.doi.org/10.1086/509249
https://ui.adsabs.harvard.edu/abs/2007ApJ...654..240R
http://dx.doi.org/10.3847/1538-4365/aa97e0
https://ui.adsabs.harvard.edu/abs/2017ApJS..233...22S
http://dx.doi.org/10.1051/0004-6361/201117353
https://ui.adsabs.harvard.edu/abs/2012A&A...538A...8S
http://dx.doi.org/10.3847/1538-4357/aa61a0
http://adsabs.harvard.edu/abs/2017ApJ...837..150S
http://dx.doi.org/10.1086/379306
https://ui.adsabs.harvard.edu/abs/2003AJ....126.2707S
https://ui.adsabs.harvard.edu/abs/2003AJ....126.2707S
http://dx.doi.org/10.1088/0004-637X/754/1/2
https://ui.adsabs.harvard.edu/abs/2012ApJ...754....2S
http://dx.doi.org/10.1088/0067-0049/217/1/7
https://ui.adsabs.harvard.edu/abs/2015ApJS..217....7S
http://dx.doi.org/10.1146/annurev.astro.43.051804.102221
http://adsabs.harvard.edu/abs/2005ARA%26A..43..677S
http://dx.doi.org/10.1086/165493
https://ui.adsabs.harvard.edu/abs/1987ApJ...319..730S
http://dx.doi.org/10.3847/1538-4357/aac326
https://ui.adsabs.harvard.edu/abs/2018ApJ...860..172S
http://dx.doi.org/10.1088/0004-637X/760/2/130
https://ui.adsabs.harvard.edu/abs/2012ApJ...760..130S
http://dx.doi.org/10.1088/0004-637X/768/1/74
http://adsabs.harvard.edu/abs/2013ApJ...768...74T
http://dx.doi.org/10.3847/1538-4357/aaa4b4
https://ui.adsabs.harvard.edu/abs/2018ApJ...853..179T
http://dx.doi.org/10.1093/mnras/stv1695
https://ui.adsabs.harvard.edu/abs/2015MNRAS.453.2490T
http://dx.doi.org/10.3847/0004-637X/817/2/118
http://adsabs.harvard.edu/abs/2016ApJ...817..118T
http://dx.doi.org/10.1086/147861
https://ui.adsabs.harvard.edu/abs/1964ApJ...139.1217T
http://dx.doi.org/10.1088/0004-6256/150/4/115
https://ui.adsabs.harvard.edu/abs/2015AJ....150..115U
http://dx.doi.org/10.3847/1538-4357/aa88c0
https://ui.adsabs.harvard.edu/abs/2017ApJ...849...26U
http://dx.doi.org/10.1038/s41592-019-0686-2
https://rdcu.be/b08Wh
http://dx.doi.org/10.1086/174182
https://ui.adsabs.harvard.edu/abs/1994ApJ...427..759W
http://dx.doi.org/10.1088/0004-637X/750/2/136
https://ui.adsabs.harvard.edu/abs/2012ApJ...750..136W
http://dx.doi.org/10.1086/508921
https://ui.adsabs.harvard.edu/abs/2006ApJ...653.1027W
http://dx.doi.org/10.1088/2041-8205/754/2/L29
http://adsabs.harvard.edu/abs/2012ApJ...754L..29W
http://dx.doi.org/10.1088/0004-637X/795/2/104
http://adsabs.harvard.edu/abs/2014ApJ...795..104W
http://dx.doi.org/10.3847/1538-4357/aa7fbf
https://ui.adsabs.harvard.edu/abs/2017ApJ...846...35W
http://dx.doi.org/10.3847/1538-4357/ab1089
http://dx.doi.org/10.1086/174279
https://ui.adsabs.harvard.edu/abs/1994ApJ...428..693W
http://dx.doi.org/10.1111/j.1365-2966.2012.20850.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.422.3339W
http://dx.doi.org/10.1088/0004-637X/799/2/209
https://ui.adsabs.harvard.edu/abs/2015ApJ...799..209W
http://dx.doi.org/10.1088/0004-637X/742/2/96
http://adsabs.harvard.edu/abs/2011ApJ...742...96W
https://ui.adsabs.harvard.edu/abs/1988A&A...192..117V


Supermassive Starforming Clumps in LARS 8 15

This paper has been typeset from a TEX/LATEX file prepared by

the author.

MNRAS 000, 1–15 (2021)



16 Puschnig, Hayes, Östlin, Agertz, ...

Figure 1. Observed (left column) versus modeled (right column) properties of LARS 8. The latter were produced with 3DBAROLO.
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